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A time-of-flight type neutral particle energy analyzer can discriminate between neutral particle 
loss and radiation loss from a plasma by use of the difference between their times of flight. The 
energy distribution of hydrogen atoms which are emitted from the plasma can be estimated from 
the time evolution of the detector signal. The energy distribution of radiated photons can be 
obtained by using several filters which transmit different ranges of the photon energy. With this 
method the ratio of the particle and radiation losses emitted from the same plasma volume and 
within the same detector solid angle can be obtained. 
INTRODUCTION 
The bolometric method l - 1 has been widely used in many 
plasma confinement devices to measure the energy flux emit-
ted from a plasma. In the study of plasma confinement it is 
very important to quantify the energy-loss-channels of the 
confined plasma.4 The carriers of energy are particles and 
radiation. Discrimination between the energy loss due to 
particles and that due to radiation has been made by using 
thin filters in the conventional bolometric method.5 It is easy 
to exclude the particle flux, but difficult to separate the radi-
ation flux from the particle flux completely, because there is 
always a radiation component which is not transmitted 
through a set of filters. The radiation loss due to impurities 
can also be deduced by spectroscopic measurements. 6 The 
impurity content is analyzed by comparing several line 
brightnesses measured from each major impurity element 
with line-integrated brightness estimated by an impurity 
transport code. 
This article describes a new method for discrimination 
between the energy losses due to charge exchange neutral 
particles and to radiation by means of a time-of-flight type 
particle energy analyzer (TOF). A TOF may be useful to 
measure ion distributions for energies of a few hundred e V 
and below, where measurements with the standard stripping 
cell type neutral particle energy analyzer are difficult. Thus, 
a TOF is useful for measurements of lower-temperature 
plasmas ( < 1 keY) (Ref. 7) and for the halo region of a 
high-temperature plasma.s The stream of neutral particles 
emitted from the plasma is chopped by a high speed rotating 
disk with slits, and impinge on a metal target. Secondary 
electrons emitted from the target are collected by a detector 
with fast time-resolution. The energy distribution of the neu-
tral particles is estimated from their profile of intensity as a 
function of flight time between the disk and the target. Sec-
ondary electrons are produced not only by neutral particles, 
but also by photons. Moreover, complete discrimination be-
tween neutral particles and photons is obtained by the differ-
ence between their times of flight. By virtue of this feature, 
the photons radiated from the plasma can be detected con-
currently with, and within the same detector solid angle as 
for the particles. The energy spectrum of photons is deduced 
from measurements using several filters, each of which has a 
different energy transmission band. The ratio of the particle 
loss to the radiation loss for a given volume of plasma is 
obtained for a detector solid angle common to both losses. 
The ratio of particle loss to radiation loss so determined, 
together with the total power loss measured using the con-
ventional bolometric method, provide absolute measures of 
each of the two losses. This method is complementary to the 
usual separate but concurrent bolometric and spectroscopic 
measurements. By combining these measurements into one 
diagnostic instrument the relative importance of each ener-
gy-loss-channel is made clearer. The experimental apparatus 
is presented in Sec. I. Section II describes the calculations 
necessary to make an estimation ofthe power loss by charge-
exchange neutrals and by radiation based on data obtained 
from the measurement. Section III is concerned with the 
experimentalresults obtained by applying this method to the 
GAMMA 10 (Ref. 9) tandem mirror experiment. 
I. EXPERIMENTAL APPARATUS 
Figure 1 is a schematic drawing of the TOF system used 
for measurements reported here. Illustrated are the chopper 
system, flight tube and Daly type detector. 10 A copper disk is 
used for the target and emits secondary electrons upon bom-
bardment by neutrals and photons. Hydrogen atoms HO, 
produced by charge-exchange reactions in the plasma, es-
cape from the plasma and travel to the chopper disk located 
about 1.6 m radially from the center of the plasma. There are 
24 slits of 0.02 em width, which determines the open time, 
and 1.0 em length at a radius of7.5 cm on the chopper disk. 
The disk spins at a rate of about 40 000 rev Imin. In front of 
the chopper disk there is a fixed slit which has the same 
width and length, as shown in Fig. 1, so the aperture in-
creases and then decreases, with time. The chopped neutrals 
travel 3.5 m in the flight tube and impinge on the copper 
target ofthe Daly type detector. The target is biased at - 20 
ke V and secondary electrons ejected from the target are ac-
celerated onto an aluminized and grounded plastic scintilla-
tor, and detected using a photomultiplier tube. The time res-
2868 Rev. Sci. Instrum. 60 (9), September 1989 0034-6748/89/092868-05$01.30 © 1989 American Institute of Physics 2868 
Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
3.5m 
plasrm'--_--' 
FIG. 1. Schematic of the TOF system. 
olution of this system is a few microseconds. The aperture 
opens every 100 Il-s. Because electrons are also ejected from 
the copper target by the photoelectric process, photons radi-
ated from the plasma can also be detected by this system. In 
order to obtain the power loss due to radiation it is necessary 
to estimate the energy distribution of photons. Several filters 
(see Table I) which transmit photons in different energy 
ranges are used for evaluating the bandwise energy spec-
trum. The filters are a lithium fluoride plate (LiF, 2 mm in 
thickness), an aluminum foil (1% silicon alloy, 150 nm in 
thickness), a boron foil (100 nm in thickness) and a poly-
propylene film [ (CH2 ),,, pI = 8.032 X 10--
5 glcm2, where p 
is density and I is thickness] . 
II. ESTIMATION OF POWER LOSS 
A. Estimation of power loss by charge~exchange 
neutrals 
The energy distribution of neutral hydrogen atoms, H O, 
can be estimated from the time evolution of the detector 
signal. The signal of the detector, Spa (Ej) where a subscript 
pa represents terms related to the particle and Ei is the center 
energy ofith energy range, is proportional to the number of 
HO, Npa (E), which have energy from Ej -I1E 12 to Ej 
+ I1E 12, and is given by 
Spa (E) = A1](Ej )Npa (Ej ), (1) 
where A is the efficiency of the detector and 1] (Ej ) the sec-
ondary emission coefficient of cop perl I for energy Ej • 
Npa (Ej ) is given by 
TABLE I. Averaged total efficiency ri' and quantum efficiency, Yoo ofpho-
tons in each energy region. 
Energy Center 
region Filter energy (eV) y. Yo, 
(1) LiF 11 0.Q21 0.044 
(Il) 16 O.IlS 
(III) Aluminum 47 0.G25 0.065 
(IV) Boron 117 0.020 0.033 
(V) Polypropylene 179 0.015 0.033 
2869 Rev. Sci. Instrum., Vol. 60, No.9, September 1989 
(2) 
where a is the plasma radius, no the neutral density, n, the 
ion density, O'cx the charge-exchange cross section, v the rela-
tive velocity, itE) the distribution function of protons, HI 
41T the solid angle subtended by the slit on the chopper disk 
at the plasma center, 6,S the viewing area of the detection 
system and 117 the gate time. The power loss by charge-ex-
change neutrals, Pex ' is given by 
Spa (Ej ) 
Pcx = L Npa (E)Ej = I ,Ej • 
f j A1j(Ej ) 
(3) 
Secondary electron coefficients, 1j(E), used here were 
reported 11 to be in error by less than 25 %. The error was said 
to be due mostly to the technique of measuring 1j(E) rather 
than to the emitter material used. This was attributed to the 
influence of contaminants on metal surfaces, which causes 
1j(E) to be about the same for a variety of emitter materials 
and accounts for the consistency (agreement within 10%) 
of data obtained by different investigators. I 1.12 
B. Estimation of power loss by radiation 
In order to obtain the power loss due to radiation, it is 
necessary to evaluate the photon-energy spectrum. Several 
filters described in the preceding section have been used to 
deduce the energy spectrum. Transmittances of these filters, 
E(E), are shown in Fig. 2 (see Refs. 13-16). The absorption 
edge of each filter can be used as a band pass filter for pho-
tons. The appropriate filters must be selected depending on 
the experimental conditions. The quantum efficiency of cop-
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FIG. 2. Transmittance of filters. The thin solid line shows the transmit-
tance of the lithium fluoride plate (LiF, 2 mm in thickness), 1\ the thick 
solid line that of aluminum foil (1% silicon alloy, 150 nm in thick-
ness), 14.15 the broken line that of boron foil (100 nm in thickness) 14 and 
the dot-dash line that of polypropylene film (CH,) n' pI ~, 8.032 X 10 5 
g/cm2 (p = density,l = thickness). 16 Transmittance of the filters goes as 
e "m"', whereflm ~~ Ijill, f.tj' iis the atom specie, (iJ i the weight percent of 
i atom, and Jii the atomic photoabsorption cross section of atomic specie i. 
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FIG. 3. Quantum efficiency, r, of copper. 13.14 
metal was used in conjunction with the data contained in 
Fig. 3, to detennine absolute intensities with an accuracy of 
about ± 30% in the energy region 11-31 eVo The total effi-
ciency, r(E), which is defined by 6(E) X ro(E), is shown in 
Fig. 4. The energy spectrum. is divided into five energy 
ranges, from (1) to ( V), by using four filters as shown in Fig. 
4. The detected signal for photons in the ith energy range, 
Sph (E;) where a subscript ph represents terms related to the 
photons, with photon energy from Ei - t:.E /2 to Ei 
+ 1:.E12 is 
(4) 
where Yi is the total efficiency averaged over the above ener-
gy range, I(E) is the intensity of photons at energy E, and 
Nph (Ei ) is the total number of photons in the energy range 
of the ith filter transmission band. Range (II) is not covered 
by the present filter system. This range corresponds to the 
photon energy of 12-20 eV. A transmission filter for this 
O.04r--------------. 
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FIG. 4. Total efficiency of filters of Table I. The closed circles are for LiF 
plate, open circles for aluminum foil, triangles for boron foil alld squares 
for polypropylene film. The bars in the inset denote the average energy 
band, (I) for the LiF plate, (III) for aluminum foil, (IV) for boron foil, 
and (V) for polypropylene. Region (II) denotes the energy band for 
which data cannot be obtained using filters. 
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range should be an indium foil ofless than 100 nm in thick-
ness which is difficult to prepare. The signal for this range is 
determined by subtracting the signals for other ranges, (I), 
(III), (IV), and (V) from the signal obtained without any 
filters, SI_ Thus, 
AYo(lI) Nph (E(l1) ) 
where 
(V) 




The efficiencies Y; and YOi are tabulated in Table I. The pow-
er loss by radiation, Pph' is approximated by 
(V) (V) Sph CE;) 
Pph - I Nph (Ei )Ei = I E i • (7) 
i= (I) i~ (I) Ar; 
The ratio of the power loss by charge-exchange neutrals to 
that by radiation in the same detection solid angle from the 
same plasma volume is obtained easily from Eqs. (3) and 
(7). 
III. RESULTS AND DISCUSSION 
The time-of-flight type neutral particle energy analyzer, 
TOF, is set in the central cell of the tandem mirror GAM-
MA 10. Plasma is initiated by injecting a short-pulse (1 ms) 
stream of plasma produced by MPD-arc-plasma-guns locat-
ed at each end of the device, and sustained by applying a long 
ICRF pulse (typically 60 ms) together with gas puffing. 19 
The plasma parameters at the midplane in the central cell are 
as follows: the peak density of the parabolic profile and the 
full width half maximum measured using the scanning mi-
crowave interferometer are 3x 1012 cm- 3 and 16 cm, re-
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FIG. 5. All example of a typical photomultiplier output. The upper trace is 
the photomultiplier output and the lower trace is a marker which shows the 
time the slit is open. 
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tron cyclotron emission20 calibrated by Thomson scattering, 
is about 25-50 eV; the average perpendicular ion tempera-
ture measured by a diamagnetic loop is about 450 eV. 
Figure 5 shows the detector signal for particles and pho-
tons, and the marker signal which indicates the gate timing. 
When the gate opens the signal due to photons from the 
plasma is detected immediately, fonowed by signals from 
particles which appear with a delay time determined by their 
times of flight. By dividing the times of flight spectrum into 
1.6ps windows we can obtain the energy distribution ofneu-
tral particles, as shewn in Fig. 6. The power loss by charge-
exchange neutral particles, Pox, can be calculated using Eq. 
(3) . 
The bandwise energy distribution of photons can be ob-
tained by the procedure described in the previous section, as 
shown in Fig. 7. The dominant radiation lies in region (II). 
From visible spectroscopic measurements, it is expected that 
strong line emissions due to light impurities, C and 0, exist 
in region (II). The experimentally determined radiation 
peak in the vacuum ultra-violet region (II) agrees qualita-
tively with the spectroscopic measurement. This system is 
insensitive to photons with energy less than 10 e V because of 
an abrupt reduction of the quantum efficiency. Also, when a 
LiF filter is placed in front of the bolometer which is a ther-
mistor and has almost unity absorptivity in this range, the 
signal is negligible. This is additional confirmation that pho-
tons with energies below that of region (I) do not contribute 
to the power loss from the plasma of GAMMA 10. In the 
higher photon energy region, region (V), the output signal is 
in the noise level. The contribution of the radiation loss in 
region (V) to the total power loss is estimated to be less than 
10%. The ambiguity which comes from the overlapped por-
tion in region (IV) is less than 20%. By using Eq. (7), the 
power loss by radiation can be calculated. Then, from Eqs. 
( 3) and (7), the ratio of power loss by particles to that by 
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FIG. 6. Energy distribution ofH" neutral particles. Each energy band is the 
average over 1.6 pes of the particle portion of the signal pulse of Fig. 5. 















J 0 f -r l 
101 102 
photon energy (caV) 
FIG. 7. Energy band distribution of photons. 
Power losses due to charge-exchange neutral particles 
and radiation are estimated, using the present plasma pa-
rameters, as follows: the power density due to charge ex-
change neutral particle losses is written as 
(8) 
The volume averaged neutral density no, which is estimated 
from the absolutely calihrated H" measurement, is in the 
order of 101) cm- 1 . The volume averaged perpendicular ion 
temperature, Ti is estimated from the TOF measurement. 
Thus, the volume averaged power density of the charge-ex-
change loss is calculated using Eq. (8) and is found to be 
0.015 W/cm3 • 
The total radiation loss for a plasma has been calculated 
by Breton, De Michelis, and Mattioli21 under the assump-
tion of coronal equilibrium, with the power density due to 
impurity radiation given by 
Prad/V= fie nimp L(Te }· (9) 
Here nimp is the impurity density, L( Te) is the radiative 
cooling rate as a function of the electron temperature Te , and 
ne is the volume averaged electron density. Under the pres-
ent experimental conditions the dominant power loss is ex-
pected to be line radiation by light impurities. Total radi-
ation loss from oxygen is about one order of magnitude 
larger than those from carbon and nitrogen at electron tem-
peratures above 20 eV. Assuming oxygen to be the dominant 
impurity, the value of the oxygen concentration can be esti-
mated. The radiative cooling rate of oxygen at T" = 25-50 
eV is about 10 26 W cm'. By using values obtained in this 
experiment, the loss power due to charge-exchange of 0.015 
W/cm3 , the power loss ratio (Pcx/Pph ) of25, and the den-
sity of 3 X 1012 cm- 3 , the oxygen impurity concentration is 
found to be on the order of 10- 3 . Due to the assumption of 
coronal equilibrium, and to uncertainty in the electron tem-
perature, this calculation has large uncertainties. 
Neutral particle energy analyzer 2871 
Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
ACKNOWLEDGMENTS 
The authors would like to thank Dr. T. Fujimoto, Dr. T. 
Kato, and Dr. K. Masai for their valuable discussions and 
kind suggestions, Dr. T. Kondoh for the computer program 
used to calculate the transmittance of the filters. Dr. L. S. 
Peranich for his critical reading of the english and members 
of the GAMMA 10 group for their help in the TOF measure-
ment. This work was supported by University of Tsukuba 
Project Research Funds. 
's. Suckewer, E. Hinnov, D. Hwang, J. Schivell, G. L. Schmidt, K. Bol, N. 
Bretz, P. Colestock, D. Dimock, H. Eubank, R. Goldston, R. J. Hawry· 
luk, J. Hosea, H. Hsuan, D. Johnson, E. Meservey, and D. McNeill, Re-
port of Princeton Plasma Phys. Lab., 1981 PPPL-1768 (1981). 
2K. H. Behringer, P. G. Carolan, B. Denne, G. Decker, W. Engelhardt, M. 
J. Forrest, R. Gill, N. Gottardi, N. C. Hawkes, E. Kiillne, H. Krause, G. 
Magyar, M. Mansfield, F. Mast, P. Morgan, N. J. Peacock, M. F. Stamp, 
and H. P. Summers, Nuc!. Fusion 26, 751 (1986). 
31. Schivell and C. E. Bush, Rev. Sci. lnstrum. 57, 2081 (1986). 
4C. E. Bush et al., J. Vac. Sci. Techno!. A 6,2004 (1988). 
5I. Ogawa, N. Noda, K. Kawahata, Y. Ogawa, and J. Fujita, Jpn. J. App!. 
Phys. 26, 611 (1987). 
2872 Rev. SCi.lnstrum., Vol. 60, No.9, September 1989 
hH. L. Manning, J. L. Terry, B. Lipschultz, B. LaBombard, B. D. Black-
well, C. L. Fiore, M. E. Foard, E. S. Marmar, J. D. Moody, R. R. Parker, 
M. Pokolab, and J. E. Rice, Nue!. Fusion 26, 1665 (1986). 
7M. Ichimura, S. Hidekuma, S. Okamura, and RFC group, Proc. Int. Conf. 
Plasma Phys. (Nagoya) 1,350 (1980). 
"D. E. Voss and S. A. Cohen, Rev. Sci. Instrum. 53,1696 (1982). 
OM. Inutake, T. Cho, M. Ichimura, K. Ishii, A. Itakura, 1. Katanuma, Y. 
Kiwamoto, Y. Kusama, A. Mase, S. Miyoshi, Y. Nakashima, T. Saito, A. 
Sakasai, K. Sawada, I. Wakaida, N. Yamaguchi, andK. Yatsll, Phys. Rev. 
Lett. 55, 939 (1985). 
ION. R. Daly, Rev. Sci. lnstrum. 31,264 (1960). 
\lA. I. Kislyakov, J. Stiickel, and K. Jakubka, Sov. Phys. Tech. 20, 986 
(1975). 
DC. F. Barnett and J. A. Ray, Nne!. Fusion 12, 65 (1972). 
13Catalog ofOhyo Koken Kogyo Co., ltd. 
14Catalog of Acton Research Corporation. 
15W. R. Hunter, D. W. Angel, and R. Tousey, App!. Opt. 4, 891 (1965). 
16B. L. Henke, 1'. Lee, T. J. Tanaka, R. L. Shimabukuro, and B. K. Fu· 
jikawa, At. Data Nuc!. Tables 27,1 (1982). 
17R. B. Cairns and J. A. R. Samson, J. Opt. Soc. America 56,1568 (1966). 
"R. H. Day, P. Lee, E. B. Saloman, and D. J. Nagel, J. App!. Phys. 52, 6965 
( 1981). 
19M. Ichimura, M. Inutake, S. Adachi, D. Sato, F. Tsuboi, Y. Nakashima, 1. 
Katanuma, A. Itakura, A. Mase. and S. Miyoshi, Nne!. Fusion 28, 799 
( 19SR). 
2°A. Masc, T. Koseki, A.ltakura, N. Higaki, J. Jeong, T. Cho, K. Ishii, and 
S. Miyoshi. Jpn. J. App!. Phys. 26, 1867 (1987). 
21c. Breton, C. De Michelis, and M. Mattioli, 1. Quan. Spectrosc. Radiat. 
Transfer 19, 367 (1978). 
Neutral particle energy analyzer 2872 
Downloaded 13 Apr 2010 to 130.34.135.83. Redistribution subject to AIP license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
